We present a study on the formation of silver (Ag) and bimetallic silver-gold (AgAu) nanoparticles monitored by in situ SAXS as well as by ex situ TEM, XRD and UV-vis analysis in a flow reactor at controlled reaction temperature. The formation mechanism of the nanoparticles is derived from the structural parameters obtained from the experimental data. The evolution of the average particle size of pure and alloyed nanoparticles shows that the particle growth occurs initially by a coalescence mechanism. The later growth of pure silver nanoparticles is well described by Ostwald ripening and for the alloyed nanoparticles by a process with a significantly slower growth rate. Additionally, the SAXS data of pure silver nanoparticles revealed two major populations of nanoparticles, the first one with a continuous crystal growth to a saturation plateau, and the second one probably with a continuous emergence of small new crystals. The particle sizes obtained by SAXS agree well with the results from transmission electron microscopy and X-ray diffraction. The present study demonstrates the capability of an in situ investigation of synthesis processes using a laboratory based SAXS instrument. Online monitoring of the synthesis permitted a detailed investigation of the structural evolution of the system.
Introduction
There is increasing interest in nanoparticles because of their remarkable properties and synergetic effects depending on their size, shape and chemical composition. One can nd several studies in the literature on promising applications and advances in this eld. [1] [2] [3] Silver nanoparticles can be used to control the antibacterial and cytotoxic properties of colloids, and gold nanoparticles have unique optical properties, chemical stability and catalytic reactivity. 4, 5 Alloyed silver-gold nanoparticles can potentially combine these properties in a controllable way. 6 An understanding of the mechanism of nanoparticle formation is fundamental for proper control of the nal morphology of the nanoparticle system. In addition, since the initial particle nucleation represents the very rst stage of any crystallization process, it is very important to correctly characterize the nucleation process. 7 Therefore, it is necessary to use experimental methods that allow in-depth structural characterization of the system. By scanning and transmission electron microscopy (SEM/ TEM) and X-ray powder diffraction (XRD), Banerjee et al. 8 investigated the formation of silver nanoparticles during the reduction with glucose, together with a colloidal stabilization with poly(N-vinylpyrrolidone) (PVP). They monitored the evolution of the particles and their internal crystallites for 3500 minutes of synthesis, resulting in particle sizes up to 75 nm. In addition, electron microscopy provided information on the shape, size and inner structure of the produced nanoparticles. The synthesis of bimetallic nanoparticles offers new options to tune the properties of metallic nanoparticles, e.g. for plasmonic or biomedical applications. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Small angle X-ray scattering (SAXS) is a very useful technique for the investigation of the formation and growth mechanisms of nanoparticles, in situ, under realistic synthesis conditions. 19, 20 The unique feature of SAXS is the possibility of online monitoring of the system during the measurements 21 and it is demonstrated in a number of publications in the literature. Harada and Katagiri 22 have reported an in situ SAXS study on the formation of silver nanoparticles by photoreduction. The average particle size was followed during the synthesis process, and a model for the growth mechanism was formulated based on Ostwald ripening and Lifshitz-Slyozov-Wagner (LSW) theory. This approach was extended to palladium systems where a similar behavior in aggregative particle growth and Ostwald ripening was also found by Harada and Ikegami. 23 In both Ag and Pd nanoparticles synthesized by reduction in waterin-oil microemulsions, different stages in the metal nanoparticle formation were found, starting with a diameter of 8-10 nm and followed by an initial fast crystal growth rate with a lower rate at later stages, where the particles almost double in size in the saturation region.
Polte et al. 24 studied the formation mechanism of silver nanoparticles using silver perchlorate as a precursor and sodium borohydride as a reducing agent. They also analyzed the inuence of the steric stabilizing agent poly(N-vinylpyrrolidone), PVP. Using SAXS and ultra-violet visible spectroscopy (UV-vis), the authors concluded that coalescence is the main growth process during the synthesis of metallic nanoparticles in which the monomer-supplying chemical reaction is faster than the particle growth. The authors also made a comparison between the growth process of silver and gold nanoparticles, 21 where a step-like formation mechanism was deduced, with coalescence being the main growth process. Similar results for the particle aggregation into regular assemblies were also reported by Chen et al. 5 and Koerner et al. 25 who investigated the formation of gold nanoparticles by in situ SAXS/ WAXS and UV-vis spectroscopy in the size range of about 2-6 nm.
Singh et al. studied the formation and growth of bimetallic Ag-Cu nanoparticles by co-reduction of silver nitrate and copper nitrate in water. 26 Using SAXS, localized surface plasmon resonance (LSPR) and TEM, the authors showed a bimodal size distribution describing the formed spherical particles as a mixture of smaller (15-18 nm) and larger particles (56-59 nm), pointing to a cluster aggregation and their restructuring. Wu et al. investigated the formation of bimetallic PtSn nanoparticles by seed-mediated synthesis at elevated temperature. 27 By in situ synchrotron X-ray scattering (SAXS) supported by WAXS and HRTEM, the authors showed the transformation of the initially formed Pt nanoparticles (fcc), reduced from Pt(II), to hexagonal PtSn nanocrystals by a fast diffusion of Sn into the Pt lattice. A volume increase of the nanocrystals to a saturation plateau as a function of the reaction time was also found.
Based on the available information from the literature, it can be concluded that the knowledge about the crystal formation and growth of metallic and bimetallic nanoparticles is of high interest, but the growth process is still not well understood. Some authors have observed a step-like development in the crystal growth of the formed particles via variable growth rates starting from small crystal seeds, 24, 28 but have neither focused on nor provided evidence for the co-existence of the smaller seeds during the whole synthesis. Furthermore, such a reduction synthesis is typically carried out at elevated temperature and therefore temperature uctuations must be minimized in the system.
In our work, the synthesis routes are based on the so-called 'wet chemical process' which is a bottom-up strategy. 4 A detailed study of the synthesis of pure silver and alloyed silvergold nanoparticles, followed by in situ SAXS and ex situ TEM, XRD and UV-vis, is presented. Special care was given to the temperature control in the reaction vessel using thermally isolated tubes in order to have fully isothermal conditions in the sample holder of the SAXS device. The investigation of the early crystal growth stages of mono-and bimetallic nanoparticles in a wide size range during a well-controlled and reproducible synthesis is the main focus of this article. Besides the detailed structural characterization of the investigated systems, the current work demonstrates the possibility of a careful online monitoring of synthesis processes using a laboratory-based SAXS system.
Experimental conditions
The experimental setup used for the in situ SAXS experiments is shown in Fig. 1 . The synthesis was performed in a doublewalled glass reactor (volume about 500 mL) which was held at the desired temperature by means of a circulating silicon oil bath. The sample holder was also thermally controlled with the same circulating line and consisted of a quartz capillary glued into a stainless-steel case which allowed a direct connection between the inlet and outlet tubes. The reaction solution in the glass reactor was vigorously stirred with a magnetic bar and continuously pumped through the sample holder with a peristaltic pump in a closed loop. All connecting tubes were thermally well isolated to minimize temperature gradients. The total volume in the tubes was about 20 mL. The glass reactor was closed with a PTFE cover with a good xation of the inlet and outlet tubes to avoid the evaporation of water.
The silver nanoparticle samples were synthesized following a procedure described by Banerjee et al. 8 The SAXS measurements were performed during the synthesis: rst, 16 g of glucose and 8 g of poly(N-vinylpyrrolidone), PVP, were dissolved in 320 mL water at 90 C. Then, 4 g AgNO 3 , dissolved in 8 mL water, was quickly added. The temperature in the solution and in the sample holder was controlled at 90 C. Aer the mixing, the SAXS measurements were immediately started by taking frames at intervals of 1 min for up to 70 minutes up to a particle size of $40 nm. Four aliquots for ex situ investigations (i.e. TEM, UV/vis and XRD) were taken by quickly opening and closing a small lid in the cover of the glass reactor. For each aliquot, 15 mL of sample was taken using a glass pipet and immediately quenched by immersion in an ice bath. The aliquots were then centrifuged at 29 400g for 30 minutes and redispersed in pure water. This centrifugation procedure was repeated three times.
At the end of the stated observation period, no further signicant changes in the SAXS curves were detected. It is notable that silver nanoparticles still continue to grow, as shown in previous works, 8 but the larger sizes were not accessible by our SAXS device.
The synthesis of the AgAu particles was adapted from Ristig et al. 6 300 mL ultra-pure water was heated to 100 C. Then, silver nitrate (1.5 mL; 10 mM; 15 mmol) and gold(III) chloride trihydrate (1.5 mL; 10 mM; 15 mmol) were added under vigorous stirring, followed by a quick addition of a trisodium citrate dihydrate solution (3 mL; 58 mM; 174 mmol). This enabled the synthesis of bimetallic nanoparticles with the nominal molar composition Ag : Au ¼ 50 : 50. At rst, the SAXS experiments were carried out at 100 C, but the early stages of the crystal growth turned out to occur too fast to be followed in detail (data not shown). Therefore, the temperature was lowered to 70 C in order to slow down the crystal growth and to precisely study the development of the alloyed particles. The in situ SAXS measurements were carried out for up to 157 minutes at 1 min intervals, resulting in nal particle diameters of $20 nm.
All chemicals were purchased from Sigma-Aldrich. Ultrapure water was obtained from a Milli-Q system from Millipore®.
Small angle X-ray scattering data collection was performed on the laboratory-based SAXS equipment Xenocs XEUSS™ at the Institute of Physics, University of São Paulo. The scattering intensity is expressed as a function of the reciprocal space momentum transfer modulus q ¼ 4p sin(q)/l, where 2q is the scattering angle and l the radiation wavelength. The radiation was generated by a GENIX™ source (Cu Ka edge, l ¼ 1.54Å) with the beam focused by FOX2D™ optics. The beam collimation was performed using two sets of scatterless slits (Xenocs 2.0). In the high ux mode, the ux was $1 Â 10 8 photons s À1 with a beam size of 1 Â 1 mm 2 . The 2D SAXS data were collected with a Dectris Pilatus™ 300k detector. The sample-to-detector distance was approximately 0.90 m, resulting in a range of 0.015 < q < 0.4Å À1 . The scattering data were normalized to an absolute scale with water as the primary standard. A measurement of a quartz capillary lled with water heated to the temperature of the experiments was used as the background in the data correction procedure. The data treatment was performed using standard procedures. 29 The transmission electron microscopy investigation was performed using a JEOL 2100 instrument equipped with a LaB 6 lament, a high-resolution (HR) pole piece, and an energy dispersive X-ray spectroscopy (EDS) system (Thermo EDS detector). The microscope was operated at 200 kV to achieve high-resolution imaging (0.23 nm). The samples were dispersed in water, and a few droplets of the suspension were transferred onto a carbon-coated collodion lm copper grid. In order to obtain the particle size distribution from TEM micrographs (considering $150 particles), the images were pre-treated with ImageJ 30,31 for noise reduction with a smoothing lter and nally analyzed by Huang's thresholding method. 32 Sizehistograms were tted to a log-normal distribution given by eqn (1)
where D m and s are optimized values obtained from the t. The mean diameter D and the standard deviation of particle size s were determined from eqn (2) and (3):
For the crystallographic characterization of the formed Ag and AgAu nanoparticles, an X-ray powder diffractometer (XRD, Bruker D8 Advance) with Cu Ka radiation (l ¼ 1.54Å; 40 kV, 40 mA; Bragg-Brentano geometry) was used. 33 The colloidal samples were placed and dried on a silicon single crystal to minimize scattering and investigated up to 90 2q with a step size of 0.03 and a counting time of 6 seconds at each step. The qualitative phase analysis was performed with soware Diffrac Suite EVA V1.2 (Bruker). The patterns of silver (Ag, #04-0783) and silver chloride (AgCl, #31-1238) from the ICDD database were used as references. Soware TOPAS 4.2 (Bruker) was used for quantitative analysis by Rietveld renement to calculate the lattice parameters and the average crystallite size from diffraction peak broadening (using the Scherrer equation): 34
where CS is the crystallite size, K is a form factor set to 0.89 (for spheres), FWHM is the full width at half maximum of each peak (in radians), and q is the diffraction angle. For each Rietveld renement, the instrumental correction was determined with a LaB 6 standard powder sample obtained from NIST (SRM 660b). Ultraviolet-visible spectroscopy (UV-vis) was used to measure the plasmonic properties of the nanoparticles. The measurements were performed using a Mikropack DH-2000-BAL light source and two Ocean Optics diffractometers USB4000. Plastic cuvettes with a sample volume of about 1 mL were used.
Theoretical SAXS model
In spite of some similarities, the two nanoparticle samples studied constitute systems with important structural differences. Therefore, two different approaches were necessary to t the SAXS data. In both cases, a system of polydisperse spheres was assumed, which is a good approximation for the shape of the formed nanoparticles as conrmed by TEM.
Monte Carlo (MC) model
In this approach, a Monte Carlo optimization method was used to obtain the particle size distribution of spheres that provided the best t of the experimental data. Mathematical and computational details can be found in Martelli and Di Nunzio 35 and Pauw et al. 36 In general, the method provides a histogramlike size distribution and uncertainties for each histogram bar. The quality of the t is evaluated using the chi-square test. From the obtained particle size distributions, further analyses can be performed, e.g. the identication of different particle populations and the calculation of volume fractions, average sizes and standard deviations.
The overall equation of the MC model is 36
where B is a constant describing the background, S c is an overall scale factor, N s is the number of spheres considered by the model, P sph i (q,R i ) is the form factor of a sphere with radius R i , and pc is a stabilization parameter.
The form factor P sph (q,R) of a sphere with radius R is given by 37
The parameter pc has typical values in the range 2 < pc < 3.3 in order to ensure the stability of the tting procedure. 36 One of the main features of this approach is the fact that the obtained distribution is model-free, i.e. it can adopt any shape, similar to standard Indirect Fourier Transformation (IFT) approaches, 38, 39 but with the advantage of an easy inclusion of additional contributions to the theoretical intensity.
Model of aggregated polydisperse spheres (APSs)
In this approach it is assumed that we have a polydisperse system of spheres which can form large aggregates. The scattering intensity is described as 40
where S C is a global scale factor, R is the radius of the spheres, V(R) is the volume of the spheres, s is the size polydispersity, S G (q,RG) is the structure factor of the aggregates having an overall radius of gyration (RG), and B is a constant for the background.
The form factor of the spheres P sph (q,R) is the same as in eqn (6), and the number distribution is given by a Schulz-Zimm function D(x,z) which is useful due to its ability to describe asymmetric distributions: 40
where x c is the central value of the distribution, G(x) is the gamma function, and z is dened as z ¼ 1/(s/R) 2 À 1. s is the polydispersity of the spheres in the system. The presence of large aggregates is included in the model by a Guinier Structure Factor (S G ):
where the scale factor S G C is related to the fraction of aggregates. 41, 42 In this case, we consider that at low q values, the scattering intensity is given by the Guinier law. 43 If the aggregates are assumed to be spherical, their average radius is related to the obtained RG as follows:
It can be shown that the scale factor S G C is given by the ratio of the number concentration c times the squared volume V of the particles of the two populations: 42
Finally, the average radius was calculated using the equation 40 
If i ¼ 1 the average is weighted by number (j ¼ number) and if i ¼ 3 the average is weighted by volume (j ¼ volume). For the evolution of the particle sizes, a model proposed by Carpena et al. 44 was used, where the function is described by the integral of the Boltzmann sigmoidal equation:
where F 0 is the value of F(x) at x ¼ 0, A 1 is the slope of the rst stage, A 2 is the slope of the second stage, Dx is the width of the transition between the two stages and x 0 is the central value of the transition. This equation enables a precise description of the growth of Ag and AgAu nanoparticles as a function of time as well as the determination of rates and transition points.
Coalescence and Ostwald ripening
In order to gain further insights into the growth mechanism of the nanoparticles, one can investigate the evolution of the number-average size as a function of time. Several authors have proposed a hypothesis on the growth mechanism (coarsening processes) in terms of the diffusion-limited Ostwald ripening and dynamic coalescence. This approach is based on the temporal evolution rate of the average radius, which follows a power-law function of time: R f t x . 22 If exponent x has a value of 0.50 the growth is dominated by dynamic coalescence. 45 On the other hand, if x is 0.33, then the growth is controlled by Ostwald ripening (diffusion-limited ripening), as stated by Lifshitz-Slyozov-Wagner (LSW) theory. 22, 46 There are other models based on the average radius growth rate and the socalled dynamic cluster coalescence (see Sholl & Skodje (1996) 47 and Woehl et al. (2014) 48 ). However, since other authors used LSW theory to describe silver and silver-gold nanoparticles, 21,24 the same approach was used in the current work.
Silver nanoparticles
In Fig. 2a the experimental in situ SAXS data acquired during the synthesis of silver nanoparticles are shown together with the MC model ts. For a better visualization of the time evolution of the scattering intensity, only selected frames are presented. In Fig. S1a , † the full dataset and MC model ts are shown. The proposed model provides a very good t for the full dataset. The forward scattering increases over time, indicating a continuous increase in particle sizes and concentration.
The data analysis indicates that the system of silver nanoparticles can be described as consisting of two major populations. The size distributions determined aer 7 and 72 min of synthesis are shown in Fig. S2a and b . † From a visual inspection of these distributions, two different particle populations can be clearly distinguished. One consists of smaller nanoparticles with a diameter of $3 nm (distribution 1) and another one consists of larger nanoparticles with a diameter from 10 to 40 nm (distribution 2). This behavior is clearly seen in the full series of the MC distributions shown in Fig. S1b . † Therefore, for the calculations of average sizes, volume fractions and polydispersity, the following criterion was used to distinguish these two different distributions: distribution 1: particle size smaller than or equal to 9 nm, distribution 2: particle size larger than 9 nm.
From the tting of all SAXS curves the evolution of the average particle sizes for both large and small populations were obtained and are shown as a function of the synthesis time (Fig. 2b) . Interestingly, the results indicate that the average size of the small particles remains almost constant ($3-4 nm) during the whole synthesis. It is necessary to stress that there must be ultrasmall nanoparticles or seeds (<2 nm) in the system as well, but their contribution to the total scattering is masked by the constant background. This background results from the scattering intensity of the dissolved reactants in the solution, including ultrasmall nanoparticles and seeds.
At the same time, the evolution of larger particles from 10 to 40 nm is observed. The growth happens in different states, as clearly indicated for the volume-weighted average diameter curve in Fig. 2b . The results indicate two major kinetic rates: faster at the beginning (0.59 nm min À1 ) and slower at the end (0.26 nm min À1 ). This behavior can be described by the Carpena model in eqn (13) that provides the identication of the critical particle size ($36 nm) at a synthesis time of about 51 min. Aer this time, the particle growth seems to reach a saturation level, probably caused by a different crystal growth mechanism or by a balance between the reduction of the silver ions in the solution and the oxidation processes on the surface of the nanoparticles. 49 Banerjee et al. 8 and Ahlberg et al. 49 found a plateaulike behavior for the crystal growth and the dissolution of silver nanoparticles as a function of time, respectively. The volume fraction occupied by the two nanoparticle populations is shown in Fig. 2c . At the beginning of the synthesis, the system is dominated by smaller nanoparticles (distribution 1) which continuously grow to larger particles (distribution 2) and contribute to the volume fraction change. It is interesting to see that at a synthesis time of about 27 min, the volume fractions for the two distributions are similar, corresponding to a diameter of $20 nm for the larger nanoparticles. Furthermore, a saturation plateau is also observed at around 40 min in the volume fraction plot. Fig. 2d shows a log-log plot of the number weighted radius as a function of time. From 15-51 minutes, an exponent x of about 0.55 was obtained and aer this point, an exponent of 0.33. Therefore, the initial growth has the predominance of coalescence which is then followed by Ostwald ripening. Coalescence has been found to be the main growth mechanism of several nanoparticle systems. 21, 22, 50 Even though the obtained results strongly suggest Ostwald ripening as the growth mechanism for the late stage of the nucleation of the silver nanoparticles, there is no general agreement about this in the literature. Polte 28 states that Ostwald ripening is an unlikely process because metallic clusters and nanoparticles are thermodynamically stable even at high temperatures. However, several authors show results that support the assumption of Ostwald ripening. In any case, we found a decrease in the exponent value and the inclination close to 1/3 suggests that Ostwald ripening may be dominant in this stage of the synthesis.
Since the synthesis is initially dominated by coalescence it can be concluded that the smaller particles found in the system are coalescing to form the larger ones. However, since the presence of smaller nanoparticles is observed throughout the synthesis they may be continuously formed and replaced by newly formed crystals that have reached the size required to be detectable by SAXS. Fig. 3a-f show the TEM images of silver nanoparticles taken from the reaction mixture at different times together with the obtained size distributions. In good agreement with SAXS results, there are both small and large nanoparticles in the system. This conrms the crystal growth of particles from $20 nm up to $60 nm with increasing synthesis time while the size of the small particles remains at about 5 nm.
In order to investigate the inner structure of the nanoparticles, high-resolution TEM (HR-TEM) experiments and fast Fourier transform (FFT) of the micrographs were performed ( Fig. 4a and b) . Large silver nanoparticles with a diameter of $30 nm consisting of several crystallites or domains with a size of $10 nm were found. This polycrystallinity with a vefold symmetry and a ratio of crystallite size : particle diameter of 1 : 3 is in excellent agreement with earlier studies. 8, 51, 52 A detailed analysis of the HRTEM micrograph and the corresponding FFT analysis show the presence of (111) crystallographic planes inside one domain with an interplanar distance (d hkl ) of 2.34Å (ICDD card 04-0783). 6, 53 The smaller nanoparticles with a diameter of 2-3 nm are also crystalline with the same interplanar distance (2.34Å), which corresponds to the (111) plane. The determined interplanar distances were also in agreement with the values (ca. 2.4Å) found in HRTEM investigations for the (111) planes of silver 54 and gold. 55 The presented dominance of the (111) crystallographic planes in the twinned Ag nanoparticles also agrees well with the tetrahedral conguration of each individual domain in fcc silver as shown by Helmlinger et al. 8, 51, 52 Furthermore, a preferred orientation of (111) was also detected by XRD (see Fig. 4c Fig. 4c shows an X-ray powder diffractogram with Rietveld renement for the silver nanoparticles taken during the SAXS experiments aer 70 min. The computed lattice parameter of silver a(Ag) ¼ 4.087(1)Å agrees well with the ICDD database. Trace amounts of the synthesis byproduct AgCl (about 4-5 wt% and crystallite size 143 nm according to Rietveld renement) are detectable, as reported earlier for a similar synthesis. 6 The crystallite size for the silver nanoparticles of 22 (1) nm is about half the particle size (50 nm) determined by SAXS and TEM, indicating that the silver nanoparticles are polycrystalline (twinned), again in good agreement with the TEM data reported here and earlier. 8, 52 It is important to note that the XRD results only represent the larger particles because the ultra-small silver nanoparticles and seeds (2-3 nm) are too small to contribute to the diffraction signal. Fig. 4d shows the UV-vis spectra of silver nanoparticles from the aliquots taken during the SAXS synthesis. The absorption maxima for all samples are in the characteristic range for silver nanoparticles with a spherical shape. 6, 56 They become broader and shi from 410 to 440 nm with increasing synthesis time. This indicates an increasing particle size and polydispersity in the system, supporting the SAXS and HRTEM results. The absorbance at higher wavelengths (l > 550 nm) also increases with time, indicating the formation of larger particles or aggregates. The bands at 260 nm are due to the PVP ligand.
6 Silver-gold nanoalloys Fig. 5a shows the in situ SAXS results for the synthesis of alloyed silver-gold nanoparticles. In Fig. S3a † the full dataset of SAXS intensities is shown. The proposed model provides a very good t for the full dataset. Interestingly, there is a clear upturn on the SAXS intensity at low angles (q < 0.15 nm À1 ) already aer one minute, which suggests the presence of large aggregates. Since it is not realistically possible to have large AgAu nanoparticles at the beginning of the reaction, the presence of such aggregates in small amounts is probably due to the byproduct AgCl from AgNO 3 and HAuCl 4 as was shown by Ristig et al. 6 The further evolution of the SAXS scattering intensity conrms that these initial byproducts do not inuence the detection of the slowly growing AgAu nanoparticles. Aer $60 min, the evolution of the SAXS curves is dominated by the formation and further growth of AgAu nanoparticles.
The presence of the byproducts makes the MC analysis difficult because they strongly affect the particle size distribution. Therefore, the APS analysis was more suitable for the detection of the time-dependent growth of AgAu nanoparticles because it can explicitly include the presence of byproducts in a very easy way. The size distributions obtained from the APS tting are shown in Fig. S3b . †
The APS analysis indicated that the average radius of gyration of the byproducts was about 23 nm, which corresponds to a particle size of about 60 nm (see eqn (10)). As shown later in the text (Fig. 6e) , the effect of these aggregates is superseded by the formation of AgAu nanoparticles. Fig. 5b shows the time evolution of the volume-weighted average diameter of the growing AgAu nanoparticles. During the rst 20 minutes of the synthesis, nanoparticles with a constant diameter of about 12 nm are observed which then start to increase their size continuously. One can speculate that this may be due to some kind of electrochemical equilibration between the more noble gold and the less noble silver. During this reduction process the formed particles seem to undergo a structural change (e.g. building of the gradient structures 6, 56 caused by the possible electron exchange between Au and Ag) which seems to keep the size nearly constant before the systematic crystal growth. By using the Carpena model (eqn (13)) we obtained an initially faster growth rate of $0.08 nm min À1 followed by a slower rate of $0.024 nm min À1 . It can be clearly seen that the saturation plateau for AgAu nanoparticles starts at $107 min with a critical diameter of $17 nm. Interestingly, the presence of a plateau seems to be characteristic for the investigated wet-chemical synthesis (reduction), pure Ag and alloyed AgAu. Fig. 5c shows the evolution of the number-average radius as a function of time in logarithmic scales. Following the previous comparison with LSW theory, the estimation of exponent x as an indicator for the growth process was $0.43 for the fastgrowth region, strongly suggesting the occurrence of coalescence in this stage. The x value for the slow-growth region is 0.19 which is reasonably smaller than the value expected for Ostwald ripening (1/3). Therefore, the late stage of the growth evolution for the silver-gold sample cannot be directly described by coarsening mechanisms, probably due to the complex equilibrium and the consumption of precursors at the end of the synthesis. These nanoparticles are expected to be spherical with a more or less dened state between an alloy and a core-shell. Therefore, the growth mechanism of the nanoparticles may follow a complex mechanism that cannot be uniquely associated with a specic process. Fig. 6a and b show a TEM image of AgAu nanoparticles taken at the end of the observation period (157 min), together with the particle size distribution. The average size of the AgAu nanoparticles is $22 nm, in good agreement with the nal size determined by SAXS analysis ($18 nm). A monomodal distribution was observed (no small nanoparticles), which is different from the synthesis of pure Ag nanoparticles (Fig. 3) .
To ensure the bimetallic composition of the nanoparticles, EDS analyses were performed on aliquots taken at the end of the synthesis (157 min) and ten different AgAu nanoparticles were analysed. Fig. 6c shows a spectrum of the inset area, containing a single nanoparticle with a diameter of $46 nm. This spectrum is representative of the spectra recorded for other nanoparticles, indicating the presence of both metals, silver and gold, in the same nanoparticle. This supports the formation of the silvergold alloy. Fig. 6d shows the time evolution of the scale factor S G C . As explained above, this factor provides a direct indication of the ratio between the scattering power (product of concentration and squared volume) of the aggregated species and the smaller particles. During the rst 20 min the values of the scale factor varies with high uncertainty, with a tendency to increase. In this region it was also possible to see unclear effects on the average diameter ( Fig. 5b) which can be associated with some sort of equilibration in the system. Aer this period, one can see a systematic decrease in the scale factor S G C . According to eqn (11) this may be a result of an increase in the concentration of growing AgAu nanoparticles, while the amount of the initial byproducts remains constant in the system. This behavior of S G C can also indicate an increase in the electronic contrast due to the incorporation of the gold and silver atoms during the formation of the gradient structures. Fig. 6e shows an X-ray powder diffractogram with Rietveld renement for the AgAu nanoparticles, taken aer 157 min. The lattice parameter a(AgAu) ¼ 4.082(8)Å indicates the formation of an alloy. 57 As in the synthesis of silver nanoparticles, a small amount of the synthesis byproduct AgCl (1-2%) was found. The computed crystallite size of AgAu nanoparticles of 10(1) nm is again about half the particle size (22 nm) as determined by SAXS and TEM. This indicates the formation of polycrystalline (twinned) AgAu nanoparticles, in good agreement with earlier results. 56 Notably, the crystallite size of AgAu nanoparticles (CS ¼ 10 nm) is smaller than in the case of silver nanoparticles (22 nm) but has the same ratio to the particle diameter (about 1 : 2). Fig. 6f shows the UV-vis curves for the AgAu nanoparticles taken aer 157 min. The absorption maximum at 480 nm indicates the formation of nanoparticles, typical of alloyed spherical AgAu nanoparticles of a comparable size, in good agreement with the EDS measurements and earlier results. 6, 56 In the case of two independent Ag and Au phases or the formation of a core-shell structure, two separate plasmon resonance bands would be detected. 58 
Conclusions
In situ SAXS investigations of the nucleation process of pure silver and alloyed silver-gold nanoparticles were performed. The analysis of the data indicates that silver nanoparticles develop into two characteristic size fractions, i.e. smaller and larger nanoparticles. For the silver-gold nanoparticles, only one growing fraction was found with simultaneous detection of the remaining byproduct (AgCl). The crystal growth of both Ag and AgAu nanoparticles can be described by two main features: faster growth at the beginning and slower at the end, reaching a saturation plateau. By modeling the number weighted radius as a function of time with the expression R f t x one could associate the dynamic coalescence as the growth mechanism for the beginning of both Ag and AgAu nanoparticle syntheses. At the end of the Ag synthesis, the results indicated that Ostwald ripening could be the possible mechanism. On the other hand, at the end stage of the AgAu synthesis there is a strong decrease in the exponent, making difficult its association with LSW predicted growth mechanism.
The in situ SAXS results were conrmed by ex situ TEM images, giving the particle size distributions. HRTEM, FFT, EDX and XRD analyses revealed the crystal structure and the chemical composition of the formed nanoparticles. By combination of these in situ and ex situ analyses it was possible to investigate the continuous growth of the metallic nanoparticles in detail during the wet-chemical reduction synthesis, starting at the early nucleation stage. For Ag nanoparticles it was possible to detect two particle fractions (distributions) during the synthesis, one with smaller size, almost constant throughout the synthesis and another one, which grows over time. Both distributions were also visible in the TEM micrographs. Dynamic coalescence was found in previous investigations of Ag nanoparticle synthesis, 22, 28 and the results shown in this work suggest that the smaller particles visible in the system are coalescing to form the larger particles. Therefore, the initial nanoparticles in the system grow up to $3 nm in diameter before being absorbed in the larger particles. This process evolves up to an aggregate size of $36 nm. At this point, there is a decrease in the growth rate which, based on the LSW analysis, suggested a change in the coarsening process from coalescence to Ostwald ripening. This change may be attributed to variations in the free-energy of the system since aer a certain radius one growth process is more favorable. 59, 60 For the AgAu alloy nanoparticle synthesis, a dynamic coalescence was also observed as the main growth process but only one distribution was found in the SAXS data. This suggests that the small particles coalescing into larger ones have sizes smaller than the minimum detectable size in our experiments. In this case, for particles larger than $17 nm, a change in the growth mechanism was found, with an important decrease of the growth rate. The obtained exponent could not be easily explained by any of the usual coarsening processes. This suggests a complex equilibrium in the system, either by the variations of the free energy or by the exhausting of the components for the particle formation in the system.
Overall, the investigation strategy proposed in this article provides a systematic description of the in situ growth process for Ag and AgAu systems, which allowed a detailed and precise determination of structural parameters with comprehensive comparisons among several experimental techniques. The results also demonstrate the high quality of the obtained SAXS data on a laboratory based SAXS instrument, coupled with advanced modeling tools and a careful experimental setup for temperature control and in situ investigations.
